Fatty-acid-based lipids are considered to be indicators of the structure and function of soil microbial biomass. Identifying and quantifying intact fatty-acid-based lipids in soil extracts is challenging because lipids range from polar (e.g. phospholipids and other membrane lipids) to non-polar (e.g. triacylglycerols involved in energy storage). The aim of this study was to develop a liquid chromatography-mass spectrometry (LC-MS) method to identify and quantify intact fatty-acid-based lipids in soil extracts. Reversed-phase LC separated fatty-acid-based lipids ranging from polar to non-polar in one chromatographic analysis. Within classes, individual lipid species were separated predictably from one another on the basis of carbon numbers and degree of unsaturation, such that chromatographic retention time could be used to aid identification. Lipid species were identified based on intact mass of the lipid and by fragmentation into structure-specific fragments that enabled compound classes and fatty acyl chains to be determined. Detection limits in positive and negative mode were better than 10 nmol l −1 for most lipid standards. In an extract of soil, 74 lipids from 10 classes were identified. The main non-polar lipids were 12 diacylglyerol species and 16 triacylglycerol species. Polar lipids included phosphatidylcholines, phosphatidylethanolamines, monomethyl-phosphatidylethanolamines, phosphatidylinositols and three classes of betaine lipid (diacylgycerol-N-trimethylhomoserine; diacylglycerylhydroxymethy-N,N,N-trimethyl--alanine; and diacylglycerylcarboxyhydroxymethylcholine). The LC-MS method developed provides a powerful analytical tool for analysis of fatty-acid-based lipids ranging from polar to non-polar and should be useful for the cultureand gene-independent assay of soil function.
Introduction
In mineral soil, lipids commonly constitute 1-6% of soil organic matter (SOM) (Stevenson, 1966; Bull et al., 1998) . Soil lipids originate from plants and animals as products of deposition, exudation and decomposition, together with other sources, including fungi, bacteria and mesofauna (Bull et al., 1998) . Lipids are typically defined as compounds that can be extracted with organic solvents; they encompass a diverse array of compounds that share little in common in terms of structure or function. The most abundant lipid classes in soil extracts tend to be n-alkanes, n-alkanols, wax esters, fatty acids, steroids, triterpenoids and acylglycerols (Stevenson, 1966; Ziegler & Zech, 1989; Bull et al., 1998) . widespread use of fatty acids hydrolysed from lipids as indicators of the structure, function and biomass of the soil microbial community (Frostegård et al., 1993) . Most studies have focused specifically on the polar (i.e. membrane) lipids because these are considered to originate from living microbes (White, 1993) and have strong taxonomic significance (Zelles, 1999) . Fewer studies have analysed non-polar (neutral) lipids, yet these are information-rich signals of energy storage in fungi or degraded phospholipids (Olsson & Wilhelmsson, 2000; Bååth, 2003) .
When lipids are hydrolysed and analysed as fatty acids important structural, functional and taxonomic information is lost. For example, when non-polar lipids are hydrolysed en masse one cannot determine which fatty acids originated from triacylglycerols used for energy storage in fungi (Harwood & Russell, 1984; Bååth, 2003) compared with diacylglycerols arising from phospholipid hydrolysis (White, 1993; Bååth, 2003) . Similarly, when a phospholipid is hydrolysed we lose knowledge of what group (if any) was bonded to the phosphate of phospholipid. This is of importance for microbial N and P economy because membrane lipids with different N and P costs can substitute for one another (Sebastian et al., 2016) . Analysing lipids in their intact form would recover the structural, functional and taxonomic information that is lost when fatty acids are separated from their parent compound.
A variety of methods have been used to characterize intact fatty-acid-based lipids in soil extracts, yet most have targeted a specific subset of lipids (e.g. polar lipids or phospholipids or non-polar lipids). For example, two recent studies used normal-phase liquid chromatography-mass spectrometry (LC-MS) to identify the polar fraction of soil extracts and identify betaine lipids, phosphatidylcholine (PC), phosphatidylethanolamine (PE) and monomethyl-phosphatidylethanolamine (PME) (Liu et al., 2010; Peterse et al., 2011) . Older studies of polar lipids focused specifically on phospholipids. At the broadest possible level phospholipids have been quantified en masse from the orthophosphate liberated when soil lipid extracts are digested (Ziegler & Zech, 1989) , whereas other early studies used thin-layer chromatography (TLC) or hydrolysis and identification of head group substituents (e.g. ethanolamine and choline) to identify PE and PC as the dominant phospholipids in soil (Hance & Anderson, 1963; Kowalenko & Mckercher, 1971) . In contrast to polar lipids, much less is known about the intact non-polar fatty-acid-based lipids in soil extracts. Previous studies that used soil extracts separated by TLC reported the presence of glycerolipids with one, two and three fatty acid esters linked to glycerol (i.e. monoacylglycerols (MG), diacylglycerols (DG) and triacylglycerols (TG)) (Ziegler & Zech, 1989) but did not identify any molecular species. For soil there have not been any broad-based characterizations of fatty-acid-based lipids ranging from polar (e.g. phospholipids and lyso-lipids) to non-polar (e.g. triacylglycerols).
Broad-based characterizations of fatty-acid-based lipids in soil extracts could be achieved by adapting methods developed for other biological systems. Recently, a variety of mass spectrometry-based workflows have been developed for the untargeted identification and quantification of lipids (Cajka & Fiehn, 2014) , and successfully applied to plant, animal and microbial systems (e.g. Okazaki et al., 2013) . One of the more common workflows involves LC-MS, in which extracts are separated (by LC) prior to entering the mass spectrometer. Different modes of LC separation are used depending on the aim of the separation. Normal-phase and hydrophilic interaction separate classes of polar lipids based on polarity (Sturt et al., 2004; Cífková et al., 2012) , whereas reversed-phase LC separates according to length of fatty acyl chains and number of double bonds (Fauland et al., 2011) . Importantly, reversed-phase LC can separate polar and non-polar lipids in one chromatographic analysis (Knittelfelder et al., 2014) , and is the separation mode used most commonly for comprehensive analysis.
The aim of this study was to develop an LC-MS approach for the identification and quantification of intact fatty-acid-based lipids in soil. Method development focused on detecting a broad spectrum of lipids ranging from polar to non-polar. Quantitative performance was assessed because addressing biological questions often involves comparing the abundance of lipids between soils or treatments. Many biological questions can be addressed by relative quantification in which relative lipid abundance is compared among samples (e.g. univariate fold-differences or multivariate pattern). Therefore, I assessed the linearity and robustness of relative quantification for a range of polar and non-polar lipids. Estimates of absolute concentrations are less commonly required for biological interpretation, but I also examined absolute quantification of polar lipids. For this I focused on polar lipids because of their taxonomic and functional significance (Sturt et al., 2004) .
Materials and methods

Soil sampling
Method development was carried out on soil samples from a subalpine heathland in Tasmania (−42.683 S, 146 .584 E; 1250 m above sea level). The soil is classified as a Humic Umbrosol (IUSS Working Group WRB, 2006 ) or Chernic Tenosol (Australian Soil Classification, Isbell, 2002 . Organic matter (Walkley-Black) was 20%, whereas total C was 8% and total N 0.3%. Replicate soil samples were taken from 0 to 15-cm depth and stored at 4 ∘ C until they were extracted 24 hours later.
Lipid nomenclature and standards
Lipids were named using shorthand notation according to the amount of structural information (Liebisch et al., 2013) . For example, PC (38:4) is phosphatidylcholine containing choline as the head group substituent, 38 carbon atoms in the two chains and four double bonds in these two chains. Where the fatty acid moieties are identified, but their stereochemistry is unknown, an underscore (_) is used between the two fatty acid substituents (e.g. PC (18:0_20:4)). If we know which fatty acid is attached at sn-1 and sn-2 a solidus is used between fatty acid substituents (e.g. PC (18:0/20:4) ).
Method development used a deuterium-labelled lipid mixture (Splash Lipidomix Mass Spec Standard, Avanti Polar Lipids, Alabaster, AB, USA) that contained lipid species from each of the major lipid classes. Standard curves and calculation of detection limits used additional lipid standards (purchased from Avanti): PE (18:0/18:0), phosphatidylglycerol (PG (14:0/14:0)), phosphatidylserine (PS (14:0/14:0)), lysophosphatidylglycerol (LPG (14:0)), phosphatidic acid (PA (14:0/14:0)), lysophosphatidylethanolamine (LPE (14:0)), lysophosphatidylcholine (LPC (19:0)), sulphoquinovosyldiacylglycerol (SQDG (16:0/18:3)), and diacylgyceryl-N-trimethylhomoserine (DGTS (16:0/16:0)). Standards of monogalactosyldiacylglycerol (MGDG (18:0/18:0)) and digalactosyldiacylglycerol (DGDG (18:0/18:0)) were purchased from Matreya Lipids (Matreya, State College, PA, USA), and ergosterol from Fluka (Sigma-Aldrich, Sydney, Australia). For an instrumental internal standard we used a species of sphingosyl phosphoethanolamine (purchased from Avanti) (2-ammonioethyl (2R,3S,E)-2-dodecanamido-3-hydroxyheptadec-4-enyl phosphate, abbreviated as SPE d17:1/12:0) that was unlikely to occur in nature and has been used previously as an internal standard (Cífková et al., 2012) .
Standards of the betaine lipids diacylglyceryl-hydroxymethyl-N, N,N-trimethyl-beta-alanine (DGTA) and diacylglyceryl-carboxy (hydroxymethyl)choline (DGCC) are not commercially available; therefore, to determine their retention time and mass spectral fragmentation patterns we extracted lipids from the marine haptophyte alga Pavlova, which is known to contain large amounts of DGTA and DGCC (Eichenberger & Gribi, 1997 
Chemicals and sample handling
Methanol, acetonitrile, isopropanol and formic acid were LC-MS grade from Fisher Chemical (Scoresby, Australia). Ammonium acetate was mass spectrometry grade (Sigma, Sydney) and chloroform (Sigma) was analytical grade. Mobile phases, standards and extracts were prepared with ultra-pure water (resistivity 18.2 MΩ • cm, Arium 611UV, Sartorius, Goettingen, Germany).
To avoid contamination from plastic, all handling of mobile phases, samples and standards used glass, stainless steel and PTFE (polytetrafluoroethylene). Volumetric laboratory glassware was used for volumes ≥10 ml. Smaller volumes were handled quantitatively using manual glass and stainless steel syringes (SGE, Trajan Scientific and Medical, Ringwood, Australia), or semi-quantitatively using disposable glass Pasteur pipettes. Samples were extracted in pre-cleaned 15-ml glass centrifuge tubes with PTFE-lined caps. Samples and standards were stored in pre-cleaned 2-ml glass vials with PTFE-lined caps.
Extraction of lipids
Testing and optimization of extraction methods was beyond the scope of our study; therefore, I adopted the Bligh & Dyer (1959) protocol because it has been used successfully to extract lipids from soil for several decades. To avoid the possibility of artefacts from soil drying, lipids were extracted from fresh, field-moist soil. Use of field-moist soil requires that differences in water content are accounted for during the extraction procedure, and a separate subsample of soil was oven dried to determine water content. To extract lipids from soil, 1.0 g fresh weight (FW) of soil was weighed into a glass centrifuge tube, then sufficient water was added to bring the water content to 800 μl. Next 2.0 ml methanol and 1.0 ml chloroform were added, the tube was capped and then lipids were extracted. Extraction was achieved by shaking end to end at 200 revolutions per minute (rpm) for 1 minute, ultra-sonicating for 1 minute (40 kHz, 100 W), waiting for 5 minutes and then repeating the shaking and ultra-sonicating steps. The tube was centrifuged (3000 g for 10 minutes) and the single-phase supernatant was transferred to a clean tube. The single-phase solution was phase separated by adding chloroform and water (1.0 ml of chloroform and 1.0 ml of water for every 3.8 ml of supernatant), shaken, centrifuged and then an aliquot of the lower (organic) phase was carefully removed. Blanks (containing 800 μl of water) were also processed by the Bligh & Dyer extraction procedure with the samples. For LC-MS analysis, 0.2-ml aliquots of organic phase were dried under a stream of N 2 and then reconstituted in 0.2 ml of isopropanol:acetonitrile:water (2:1:1 by volume) that contained 0.5 μg ml −1 of the instrumental internal standard (SPE d17:1/12:0).
Instrumentation
A nano-LC system (Ultimate 3000 RSLCnano, Thermo Scientific Dionex, Sunnyvale, CA, USA) was interfaced with a CaptiveSpray ion source (20 μm tip) to an ion trap mass spectrometer (AmaZon SL, Bruker Daltonics, Bremen, Germany). Samples of 0.1 μl were injected by partial loopfill on to a 1-μl loop and separated with a nanoscale column (150-mm long × 75-μm i.d. column, packed with Acclaim PepMap RSLC C18, 2 μm, 100 Å, Thermo Scientific Dionex). The best separation of lipids was obtained using binary gradient elution, whereby the composition of the eluent was changed during the separation by mixing varying proportions of mobile phase A (40% acetonitrile, 60% water, 10 mm ammonium acetate, 0.1% formic acid) with mobile phase B (90% isopropanol, 10% acetonitrile, 10 mm ammonium acetate, 0.1% formic acid). The mobile phase programme was 40% B for 3 minutes, ramped to 55% B in 2 minutes, from 55-99% B in 30 minutes, 10-minute hold at 99% B before a 2-minute ramp back to 40% B and 13-minute re-equilibration. The flow through the column was 500 nl minute −1 ; the column was maintained at 40 ∘ C. Ion source parameters were: dry gas 3 l minute −1 N 2 at 150 ∘ C, nebulizer pressure set at zero, electrospray alternating between positive mode at 1.3 kV and negative mode at −1.1 kV. The ion trap was set to scan a range of 350-1300 Da in enhanced resolution mode (8100 Da s −1 ) with ion transmission optimized for a target mass of 600 D.
To identify lipids, samples were re-analysed with the intact lipid precursor ions fragmented into structure-specific fragments that enabled determination of compound classes (Table 1) and 
characterization of fatty acyl chains. Each sample was re-analysed twice; first with positive mode detection and subsequently in a separate analysis with negative mode detection. For both polarities, precursor ions were selected (MS 1 ) and then fragmented to generate product ions that were detected as an MS 2 spectrum. The mass spectrometer was programmed to select precursor ions automatically in order of intensity, with three MS 2 scans per MS 1 scan, active exclusion for 0.5 minute, and isolation width of 1.5 m/z. Fragmentation was by collision-induced dissociation with a fragmentation amplitude of 0.7 V modulated from 40 to 160%. The selection-fragmentation-detection sequence was further extended to the first-generation product ions, such that selected product ions generated in MS 2 were fragmented further to produce another group of product ions (MS 3 ). To check for the presence of compounds with molecular weight > 1300 Da, samples were re-analysed with the ion trap set to scan a range of 1000-2000 Da in alternating polarity with ion transmission optimized for 1300 Da.
Quantification, detection limits, accuracy and precision
The relative and absolute quantification of individual lipids was achieved by integrating the peak area of the MS 1 mass corresponding to the most abundant adduct ion. to 1 μg ml 1 in negative mode. The strategy for absolute quantification of polar lipid species was modified from Cífková et al. (2012) . To determine absolute concentrations a lipid's peak area was divided by the peak area of the instrumental internal standard (SPE d17:1/12:0) and then multiplied by a response factor (RF) specific to each class of lipid.
Reproducibility of peak areas and retention times were determined by repeated analysis (n = 5) of a soil extract. The validity of absolute and relative quantification rests on the assumption that differences in peak area reflect proportional differences in concentration. Mass spectrometry signals are especially likely to stray from linearity for complex samples such as soil extracts because of the possibility of interfering compounds leading to ion suppression. To test if relations between peak area and concentration were linear in real samples, I created a soil extract dilution series that spanned from 10 times the normal extract concentration to one tenth of the normal extract concentration. For these validation experiments the sample contained a range of lipids from the most polar (e.g. lyso-lipids) to least polar (e.g. TGs). Initial analyses indicated that the Bligh & Dyer extract of soil did not contain detectable amounts of lyso-lipids; therefore, to generate a sample with lyso-lipids a monophasic extract was left at room temperature for 4 days so that lyso-lipids would be produced by hydrolysis. The soil extract was subsequently phase separated. To create a dilution series with a 100-fold concentration range, separate organic phase aliquots of 2.0, 500, 100 and 20 μl were dried under N 2 and taken up in 200 μl of isopropanol:acetonitrile:water (2:1:1 by volume) that contained 0.5 μg ml −1 of the instrumental internal standard (SPE d17:1/12:0). The dilution series of soil extracts was subsequently analysed by LC-MS.
Identification of lipids in samples
To determine the presence of specific lipid classes, the MS 2 and MS 3 data were inspected for the presence of neutral losses or product ions, or both, characteristic of particular lipid classes and fatty acids (Table 1) . For compounds that ionize well in both positive and negative mode, I determined whether MS n spectra for both polarities were consistent with the putative structure. In the next step, I determined if the measured LC-MS retention time for the compound was consistent with the known range of retention times of that particular compound class. For some compounds, fatty acyl losses (as indicated by MS 2 spectra) were determined to annotate fatty acyl carbon chain length and degree of unsaturation. Finally, I determined if the proposed assignment to a particular lipid class (and fatty acid chain length and degree of unsaturation, if available) was consistent with its measured precursor mass by searching against the LIPID MAPS in silico lipid mass spectrometry database comprising the major classes of lipid species and commonly occurring fatty acid chains (Fahy et al., 2007) , and a conceptually similar in silico database developed in-house for the betaine lipids DGTS, DGTA and DGCC (Table S1) .
Results
Separation and detection of lipids
Lipids were separated by reversed-phase chromatography, such that the most polar compounds eluted first and the least polar compounds eluted last (Figures 1 and 2 ). Lyso-lipids and MG, which were the most polar of the lipid standards examined here, eluted in the first 20 minutes. These were followed by phospholipids, SQDG and betaine lipids from 25 to 35 minutes, DG, MGDG and DGDG from 33 to 37 minutes, and finally the least polar groups, TGs and sterol esters, eluted between 39 and 45 minutes. Peaks of most lipid species were narrow and approximately Gaussian with little tailing, with the notable exception of PA, which eluted as a strongly tailing peak and had a base width of several minutes (Figure 1) .
In + that corresponded to loss of the phosphoserine group.
For all polar lipids, except PA, standard curves in positive mode were strongly linear from 0.01 to 10.00 μg ml −1 (R 2 > 0.96) and in negative mode from 0.01 to 1.00 μg ml −1 (Table 2 ). For PA, the standard curve was linear from 0.10 to 10.00 μg ml −1 . For those lipid species that could be detected with both polarities, detection limits were similar in positive and negative mode. Detection limits at a signal-to-noise ratio of three for a 0.1 μl injection were around 10 nmol l −1 or better for most lipid species, which translates to on-column detection limits of better than 1 fmol. Detection limits were noticeably poorer in positive mode for Lyso-PG (41 nmol l −1 ) and Lyso-PE (19 nmol l −1 ), and for PA in both polarities (∼130 nmol l −1 in positive mode and 60 nmol l −1 in negative mode). The approximate detection limits of TG and DG lipid species determined from a mixed semi-quantitative lipid standard were 1 and 3 nmol l −1 , respectively (data not shown). 
Analytical performance with soil extracts
Repeated analysis of the same extract of soil indicated that the LC-MS method was robust and reproducible with soil extracts (Table 3) . Retention times were reproducible among replicates, with relative standard deviations generally better than 0.11%. The reproducibility of retention time was worse for early eluting compounds, such that retention time reproducibility of LPC (18:0) was 0.49%. Reproducibility of peak areas (i.e. amounts) varied among compounds but was 17% or better for all compounds (Table 3) , which was approximately twice as good as reproducibility of peak areas for replicate extractions (data not shown). Quantification might be affected by the sample matrix; therefore, to determine if relations between peak area and concentration were linear in real samples, a standard curve was created by serial Data are for a 0.1-μl injection of standards from 0.01 to 10.00 μg mL −1 . Most standard curves were linear from 0.01 to 10.00 μg ml −1 in positive mode and 0.01 to 1.00 μg ml −1 in negative mode. Linearity of detection in PA (14:0/14:0) was determined from 0.1 to 10.00 μg ml −1 in positive and negative mode. Detection limits are for a signal to noise ratio of three.
dilution of a soil extract. For five lipid species there was a 1:1 linear relation between peak area and extract concentration across a 100-fold concentration range, whereas for two lipid species there was evidence that the mass spectrometry signal was saturating at the largest concentration (Table 3) . 
Analysis of lipids in soil extracts by LC-MS
Base peak chromatograms of the organic phase of a soil extract contained many visible peaks in positive and negative mode from 350 to ∼ 950 Da (Figure 2) . In negative mode, and to a lesser extent positive mode, there was a large number of peaks with m/z less than 600 Da that did not have MS or MS n consistent with fatty-acid-based lipids. No attempts were made to identify or quantify these other peaks. In positive mode many of the most abundant peaks were identified as fatty-acid-based lipids. Peaks were not abundant in the mass range 950-1300 Da, and separate analyses with the mass spectrometer configured to scan 1000-2000 Da did not detect abundant peaks (data not shown). Exhaustive searching of MS 2 spectra for neutral losses and fragment ions characteristic of fatty-acid-based lipids (Table 1) led to identification of 74 lipids (Table 4) . Lyso-lipids were in general absent, unless they were allowed to increase artificially by leaving monophasic extracts at room temperature for several days before phase separation and analysis. Soil extracts contained a variety of TGs and DGs; TGs were especially visible because they elute after the other lipid classes and have large concentrations (Figure 2) . Twenty phospholipids were detected and identified; they comprised nine PE, three PME, two PI and six PC species.
Lipid species were identified from MS, MS n and their retention time. For example, TG species were identified by de novo interpretation of MS and MS 2 (Figure 3 ), in particular neutral losses indicating the molecule's constituent fatty acyl chains (Table 1) . Retention time provided an additional layer of information to aid identification (ID). For example, with TG species retention times decreased by approximately half a minute for every extra double bond in the acyl chain, and increased by approximately 1 minute for every extra pair of C in the fatty acyl chain ( Figure S1 , Supporting Information). Retention time of DGTS species, like TG, also varied consistently as a function of fatty acyl chain length and degree of unsaturation (Figure 4 ). Similar trends in retention times were also noted for DG species (data not shown).
Identification of betaine lipids was challenging because of the structural similarity of the three classes of betaine lipid. The lipid classes DGTS and DGTA are structural isomers and both were characterized by an MS 2 fragment at 236 Da, neutral losses of fatty acids in the MS 2 spectrum ( Figure 5 and Figure S2 , Supporting Information) and an MS 3 fragment at 144 Da (not shown). Distinguishing DGTS from DGTA was possible because in MS 2 spectra [M + H] + of DGTS was <20% of the intensity of the most intense fragment ion, whereas in DGTA [M + H] + was the most intense fragment ion. The third class of betaine lipids, DGCC, could be identified based on retention time, MS and MS 2 ( Figure 5 ). Species of DGCC produced an MS 2 fragment at 252 Da and had similar retention times (± 0.5 min) to those of DGTS and DGTA of equivalent carbon number and degree of unsaturation. The ID of DGCC species was substantiated by determining if the protonated mass of the precursor was consistent with the mass of the two fatty acid chains (deduced from neutral losses in the MS 2 spectrum) plus the mass of the protonated DGCC head group (carboxyhydroxymethylcholine, 216.1 Da) (Table S1 ).
Absolute concentrations of polar lipids were calculated using quantitative standards (Table 2) . Quantitatively, the pool of intact polar lipids was dominated by phospholipids and betaine lipids ( Figure 6 ). The dominant phospholipids were PE, PME and PC. Two PI species were detected but at very small concentrations, whereas the glycolipid MGDG was detected but at concentrations Intensity / arbitrary units too small to quantify reliably. Betaine lipids accounted for around 60% of the pool of polar lipids, with DGTS species accounting for 99% of the pool of betaine lipids. Two DGTS species, DGTS (36:4) and DGTS (34:2), accounted for >50% of the DGTS pool, with many of the 22 DGTS identified ( 
Analysis of sterols and sterol esters
Analysis of sterols and sterol esters was not practicable with this LC-MS method. Sterols could be separated and detected, but detection limits of ergosterol were around two orders of magnitude worse than for fatty-acid-based lipids (data not shown). Sterol esters could also be separated by this method, and even had acceptable detection limits that were comparable to fatty-acid-based lipids; however, detection of sterol esters in real samples was problematic because they eluted in the same retention time window (39-45 minutes) as the abundant TGs.
Discussion
Separation of lipids
Use of reversed-phase LC enabled the analysis of fatty-acid-based lipids ranging from polar to non-polar in one chromatographic analysis (Figures 1 and 2 ), which represents a major advantage over normal phase and hydrophilic interaction LC-MS methods that typically analyse polar lipids only ( et al., 2012). The reversed-phase separation led to structured chromatograms with information to aid identification (Fauland et al., 2011) . For example, certain classes of lipid eluted within a particular retention time window (Figures 1 and 2 ), whereas at a finer scale lipids were separated based on the total number of carbons and degree of unsaturation of fatty acyl chains (Figure 4 and Figure S1 ). Lipid separation by reversed-phase chromatography was not without limitations. Most lipid classes eluted as narrow peaks, with the notable exception of PA, which eluted as a broad tailing peak ( Figure 1 ) and had poorer detection limits than other lipid classes ( Table 2 ). Tailing of PA seems to be a general characteristic of reversed-phase separation (Cajka & Fiehn, 2014) , although the extent of tailing differs among studies and has in some cases been minimized. For example, tailing was minimized by adding phosphoric acid to the mobile phase (Knittelfelder et al., 2014) , but in this study adding 5 μm phosphoric acid to mobile phases did not improve tailing substantially (data not shown). In cases where detection of very small concentrations of PA is of particular interest it may be necessary to use an alternative separation mode (e.g. normal phase or hydrophilic interaction) or direct infusion (Cajka & Fiehn, 2014) .
Detection and quantification of lipids
The LC-MS method was tested for its ability to determine relative concentrations of all lipids and absolute concentrations of polar lipids. Analysis of a serially diluted soil extract (Table 3) showed that the relative quantification of a range of lipids was robust despite the challenging matrix posed by soil extracts. Absolute quantification in LC-MS typically requires that multiple isotope labelled internal standards are analysed together with analytes to compensate for variation during sample preparation and analysis (Wang et al., 2016) . I compromised by using a single instrumental internal standard for all classes of polar lipid and to quantify individual lipid species by class-specific response factors (Cífková et al., 2012) . This approach works for polar lipids because all lipids within a class have the same response factor (Cífková et al., 2012; Wang et al., 2016) . However, use of a single internal standard cannot account for biases that affect specific lipid classes or lipid species differentially. Nevertheless, analysis of a soil extract dilution series revealed strong linearity of relative quantification for a broad range of lipids ( Table 3 ), suggesting that, at least for the samples analysed here, biases from the sample matrix were minimal.
Absolute quantification of non-polar lipid classes (e.g. TG and DG) is more challenging and was not attempted using the single internal standard approach (Cífková et al., 2012) . In contrast to polar lipids, there is substantial variation in ionization and response factors within non-polar lipid classes. Therefore, for non-polar lipids response factors of individual species have to be predetermined in relation to acyl chain length and unsaturation (Han & Gross, 2001 ). As an alternative or complementary method, GC-FID of hydrolysed fatty acids (Jouhet et al., 2017) could be used for absolute quantification of lipids (or lipid fractions).
An important caveat for the workflow outlined here is that I focused solely on the analytical method and did not assess efficacy of lipid extraction from soil. I used the Bligh & Dyer (1959) protocol because it has been used successfully for several decades to extract lipids from soil (Zelles, 1999) . Nevertheless, it is plausible that efficacy of extraction differs among lipid classes, and it would be useful to quantify recovery during sample extraction with additional internal standards during extraction. The Bligh & Dyer approach has a well-known limitation in that it is poor at extracting the most hydrophilic lipids such as lyso-phospholipids (Zhao & Xu, 2010) . Thus, comprehensive extraction of all lipids might require that samples are extracted not only with the Bligh & Dyer (1959) protocol, but also with a complementary alternative such as single methanol solvent that can extract the most hydrophilic lipids (Zhao & Xu, 2010) .
One limitation of the LC-MS method is that sterols and sterol esters could not be analysed reliably in soil extracts. Sterols such as ergosterol were separated successfully by reversed-phase LC, but were unsuited to detection by electrospray mass spectrometry because of poor ionization and detection limits. Analysis of ergosterol and other sterols would be possible if separated compounds were detected by UV absorption or mass spectrometry with atmospheric pressure chemical ionization (Headley et al., 2002) . Sterol esters did not have poor detection limits but suffered from massive signal suppression because they eluted at the same time as the more abundant TGs. Knittelfelder et al. (2014) used similar LC-MS methods and noted that analysis of sterol esters in the presence of TGs was not feasible, and Ruiz-Gutiérrez & Pérez-Camino (2000) suggested that removal of TGs by solid-phase extraction prior to analysis would render sterol esters accessible for analysis. Table 1 .
Method application: lipids in soil extracts
Triacylglycerol species were among some of the largest peaks in chromatograms (Figure 2) , which is consistent with earlier data indicating soil extracts contain substantial amounts of non-polar (neutral) lipids (Bååth, 2003) , including DG and TG (Ziegler & Zech, 1989) . Species of DG and TG were readily identifiable from mass spectra (Figure 3 ) and retention times ( Figure S1 ), and my data indicated the presence of at least 12 DG species and 16 TG species (Table 4) . Triacylglycerols in soil extracts are typically interpreted as being energy-storage compounds of fungi (Harwood & Russell, 1984; Bååth, 2003) , whereas DGs are interpreted as hydrolysis products of phospholipids (White, 1993; Bååth, 2003) . However, the DG and TG in soil extracts could have alternative explanations. For example, DGs could be intermediates in TG synthesis, or TGs could arise directly from senescing leaves and litter fall (Kaup et al., 2002) . Additional experiments with LC-MS to trace movement of fatty acid moieties between lipid classes (e.g. Popko et al., 2016) could aid understanding of the origin and interpretation of DG and TG in soil extracts.
Phospholipids constitute a large sink of cellular P and provide functional links between P availability and microbial ecology. I identified 20 phospholipid species from four classes in soil extracts (Table 4 ). In addition to PE, PME and PC, which were already known from soil (e.g. Hance & Anderson, 1963; Kowalenko & Mckercher, 1971; Liu et al., 2010 ; Peterse et al., 2011) , LC-MS identified two PI species, although both were present at very small concentrations. No other phospholipid classes were detected, despite use of a sensitive LC-MS method that searched for 11 classes of diacyl phospholipids (Table 1 ). The common phospholipids (PE, PME and PC) are widely distributed among bacteria, fungi and plants (Harwood & Russell, 1984) , and thus at the level of compound class it is not possible to ascribe their origin to particular organisms, although detailed analysis of fatty acid moieties might provide a level of taxonomic resolution (Frostegård & Bååth, 1996; Zelles, 1999) .
Betaine lipids accounted for more than half of the pool of polar lipids and were in fact more abundant than phospholipids ( Figure 6 ). In addition to being quantitatively significant, the pool of betaine lipids was chemically diverse, such that 25 betaine lipid species were identified (Table 4 and Figure 6 ). Previous studies of extracts from peat bogs reported the presence of betaine lipids (Liu et al., 2010; Peterse et al., 2011) , but the present study was the first to show that for soil absolute concentrations of betaine lipids may exceed those of phospholipids. The presence of large amounts of betaine lipids raises questions about their origin and function. It is generally known that betaine lipids are structural analogs of PC (Sato & Murata, 1991) and constitute membranes in some species. Unfortunately, it is difficult to pinpoint their origin because betaine lipids are widely distributed among diverse organisms, including non-flowering plants, bacteria, fungi and lichen (Popko et al., 2016; Sebastian et al., 2016) .
The general absence of lipids larger than about 950 Da was unexpected. Studies on peat bogs found intact polar lipids with molecular weights from 1200 to 1800 Da, in particular polar branched GDGTs (Liu et al., 2010; Peterse et al., 2010; Peterse et al., 2011) . The focus of my LC-MS method was fatty-acid-based lipids, but intact GDGTs should be detectable, suggesting that GDGT species must have been below the detection limits. The absence of intact GDGTs could be because the organisms producing GDGTs have specific requirements that were not present in the soil examined here. Another explanation is that intact GDGT lipids are broken down rapidly in soil Liu et al., 2010) and one would not expect concentrations in soil to be large unless enzyme activity or microbial metabolism were inhibited.
The LC-MS method I applied was conceived to identify and quantify fatty-acid-based lipids, yet there were many peaks that were not fatty-acid-based lipids (Figure 2 ) and other compounds that were probably present and could not be detected (e.g. alkanes, Drosos et al., 2017) . Clearly, fatty-acid-based lipids are one part of a large and chemically complex pool of lipids (Stevenson, 1966; Bull et al., 1998) . A logical corollary to this is that although LC-MS of fatty-acid-based lipids is a useful starting point, broader characterization of the lipid pool will require complementary techniques, such as LC-MS with atmospheric pressure chemical ionization for isoprenoid lipids (Weijers et al., 2006) and sterols (Headley et al., 2002) , and gas chromatography-mass spectrometry for alkanes, resin acids, esters, and so on (Bull et al., 1998; Drosos et al., 2017) .
Conclusions
The analytical method developed here was robust and reproducible for the identification and quantification of fatty-acid-based lipids ranging from polar to non-polar in one chromatographic analysis. The method should prove useful for the culture and gene-independent assay of soil microbes and their function. Lipid-derived fatty acids have had a long and successful history of use as indicators of microbial structure and function, but being able to analyse intact lipids will enable deeper insight and new questions to be posed.
Supporting Information
The following supporting information is available in the online version of this article: Figure S1 Identification of triacylglycerol (TG) species by retention time in a soil extract (see Figure 2) . Data are extracted ion chromatograms (width 0.2 Da) corresponding to ammonium adducts of TG species. Intensities are standardized to 100% for the highest peak in each chromatogram. Peaks marked with 'i' correspond to isotopes of the lipid species with one additional double bond. Figure S2 The MS2 spectrum of 762.6 Da depicts fragmentation patterns typically encountered with species of diacylgyceryl-N-trimethylhomoserine (DGTS). The MS2 spectrum of 762.6 Da at 32.6 minutes shows: mass 480.4 and 498.3 corresponding to loss of fatty acid 18:2 (MW = 282 Da) and its water loss fragment, masses 482.4 and 500.4 corresponding to loss of fatty acid 18:1 (MW = 280 Da) and its water loss fragment, and 236.0 Da corresponding to the head group of DGTS after loss of both fatty acid acyl chains. This information and combinatorial restrictions arising from mass of the intact lipid (as calculated from [M + H]+) enable the molecular species to be deduced as DGTS or DGTA (18:2_18:1). The small abundance of [M + H] + in the MS2 spectrum (see Figure 5 and Table 1) indicates that the lipid is DGTS rather than DGTA. Table S1 Calculated protonated masses of DGTS/DGTS and DGCC. Masses have been calculated for a range of fatty acyl chains differing in total C number (28 to 44) and degree of saturation (from 0 to 10 double bonds).
